ZnO nano-particles with a diameter of 10-20 nm were fabricated under oxygen and helium mixture plasma circumstance by evaporating Zn target using pulsed laser ablation. Cathodoluminescence technique, combined with transmission electron microscopy, X-ray diffraction and energy-dispersive spectrometer, was applied to study luminescence property and crystalline structure of ZnO nano-particles. Varying the oxygen partial pressure from 300 Pa to 1000 Pa, the intensity of UV peak increased and dominated in cathodoluminescence spectrum, indicating the presence of a good crystalline structure in the inner layer of ZnO nano-particles. The ratio of the intensities corresponding to the UV peak and the green-yellow peak of ZnO nano-particles synthesized in mixture (oxygen and helium) plasma was higher than that corresponding to the nano-particles fabricated in oxygen plasma.
Introduction
Zinc oxide (ZnO) has extensive potential applications in ultraviolet (UV)/blue light emitting diode, lasers, gas sensors, solar cells, transparent thin film transistors, since it has a wide direct-gap of 3.37eV and 60 meV binding energy at room temperature. [1] [2] [3] [4] [5] Especially ZnO nano-materials with a wide variety of structures show great promise in the field of nano-scale photo-electronic devices, because of their large surface area-to-volume ratio and ease of crystallization and anisotropic growth. [2, 3, 6, 7] However, the surface defects of nano-size ZnO particles have been found to quench the luminescence of exciton and hinder the charge transfer between ZnO and adsorbed molecules at the interface. [8] [9] [10] Controlling the defect distribution during the growth process is of crucial importance if we want to improve the luminescence property of ZnO nano-particles. Therefore, synthesizing pure defect free ZnO nanostructures with a controlled morphology and diameter is one of the major focuses in nano-science research.
Pulsed laser deposition (PLD) has been extensively used to synthesize ZnO epitaxial films. [11] [12] [13] However, the fabrication of ZnO nano-particles using this popular technique has been received less attention. Compared with the other techniques, the major advantage of PLD is the ability to ablate target materials over a wide range of pressures. Moreover, the size and composition of the fabricated nano-particles can also be precisely controlled by adjusting the PLD process parameters, such as laser fluence, background oxygen pressure, etc.
Recently, some groups reported results regarding the improvement of the luminescence ability of ZnO materials after plasma treatment. Ohashi has pointed out that the luminescence efficiency in bulk and polycrystalline ZnO can be significantly enhanced via the incorporation of hydrogen using hydrogen plasma. [14, 15] The same kind of processing has also been used to enhance the transmittance of ZnO film. [16] . Arogn plasma treatment was used by others to improve the conductivity of the individual ZnO nanowire [17] . In this letter, ZnO nano-particles have been fabricated in oxygen and helium plasma circumstance by using pulsed Nd:YAG laser deposition. The role of the helium in mixture is to improve the plasma stability and produce oxygen radicals through Penning ionization process. The luminescence property of ZnO nano-particles was investigated using cathodoluminescence (CL) technique with controlling the accelerating voltage of the electron beam. The influence of oxygen and helium in the discharge on the ZnO nano-particles properties is discussed.
Experimental setup
The nano-size ZnO particles were prepared using a pulsed Nd:YAG [neodymium-doped yttrium aluminum garnet] laser device with a wavelength of 1064 nm to ablate pure metal Zn target (with a purity of 99.99%) under oxygen and helium mixture plasma. The oxygen partial pressure was varied from 300 Pa to 1000 Pa, while the helium partial pressure was kept at a constant value of 200 Pa. To produce plasma, a DC voltage of about 400 ~ 460 V was applied between two metallic mesh electrodes situated at 3.5cm with respect to each other. The detail of laser ablation experimental setup is shown in Fig. 1 . The Nd:YAG laser was operated at a pulse duration of 2.0 ms, with a repetition rate of 2 Hz, and a pulse energy of 6.8 J/pulse. The output laser beam was focused by the lens onto the target, where the laser beam spot size was 1.0-1.5 mm. ZnO nano-particles were directly deposited on the indium tin oxide (ITO) glass substrate and silicon substrate. The distance from the target to the substrate was 8 cm, while the cumulate thickness of nano-particle was about 21μm.
The morphology and structure of ZnO nano-particles were characterized using transmission electron microscopy (TEM). The chemical composition of the samples was analyzed using an energy-dispersive X-ray spectrometer (EDS). The crystalline structure of the ZnO nano-particles was analyzed by X-ray diffraction (XRD). The CL properties of ZnO nano-particles on the ITO glass were measured at the pressure of ~10 -4 Pa using carbon nanotubes fabricated by PECVD, as electron emitters. [18] Based on the Feldman formula, the primary electron penetration depth with accelerating voltage can be estimated roughly. [19, 20] The photoluminescence spectrum was used to test the characteristics of ZnO nano-particles. 
Experimental results and discussion
Before discussing the luminescence property of ZnO nano-particles, it is useful to consider their crystalline structure and morphology. Figure 2 shows the morphology of ZnO nano-particles prepared by laser ablation under plasma produced in following circumstances: Mixture of helium (partial pressure 200 Pa) and oxygen (partial pressure 500 Pa and 300 Pa respectively). As the oxygen pressure decreases, the size of the nano-particles decreases as well, since the collision frequency between zinc atoms and oxygen atoms is reduced. In previous results, we reported the size of ZnO nano-particles is 11.8 nm, when oxygen pressure was less than 5 kPa. [4] In this experiment, the typical size of the ZnO particles is about 10 nm. As we can observe the size distribution of particles by measuring size of particles taken in the TEM images, the dimensions are typically in the range 10-20 nm, having a large surface to volume ratio. Therefore no quantum size effects occur, since the Bohr radius of ZnO is 1.8 nm. The high magnification TEM image of Fig 2 (b) shows a hexagonal crystal structure in ZnO nano-particles, prepared in mixture of oxygen at 500Pa and helium at 200Pa. [21, 22] In conjunction with the TEM images of the samples (Fig. 2 (b) ), the broadening of the peaks, shown in the XRD pattern, is attributed to the ultrafine size of ZnO nano-particles. [23] We also evaluated the size ZnO nano-particles using Scherrer's formula. The results are roughly in the range 16-22 nm evaluated from different peaks. Figure 4 shows a representative EDS spectrum, used to find the composition of ZnO nano-particles. [24, 25] . The data show an almost stoichiometric ration of zinc and oxygen. Moreover, as shown in EDS spectrum, only elements of zinc, oxygen and silicon (deriving from substrate) can be detected. Therefore, we assume that the intrinsic defects, existing on the surface and in the volume of ZnO nano-particles, are responsible for the emission of visible light. where ρ is the material density, A is the atomic or molecular weight of the material, Z is the atomic number or the number of electrons per molecule in the case of compounds; E is the energy of primary electron beam and R is the penetration depth of electron beam. When the accelerating voltage is 1.5 keV, the maximum penetration depth is about 16 nm. Considering the size of the nano-particles shown in Fig. 2 , we deduced that the electron beam can reach the inner region of the ZnO nano-particles during CL measurements. The CL analysis presented in Fig. 5 shows two dominant peaks: a strong UV peak, attributed to the near band edge emission (NBGEE) [4] and a broad green-yellow peak, attributed to the deep-level emission. The luminescence intensity of the UV peak increases with raising the oxygen partial pressure from 300 to 1000 Pa, while the intensity of the defect-relates emission peak seems no obvious change. The UV emission completely dominated the CL spectrum, especially for oxygen partial pressures higher than 500Pa. As well known, the UV peak is attributed to the NBGEE, namely, the recombination of free excitons. [26] It has also been reported that the defects can act as trapping centres to compete with the near band edge emission and quench the excitonic luminescence of ZnO nano-particles. [8] The CL results indicate that intrinsic defects in the inner regions of the ZnO nano-particles are negligible, meaning that the inner region has a crystalline structure. Moreover, the enhanced intensity of the UV peak due to the increase of oxygen pressure indicates a better crystalline structure of ZnO nano-particles. However, the luminescence spectrum is dominated by both the UV emission peak and the green-yellow emission peak in the case of oxygen partial pressure of 300 Pa. In our previous report, the green-yellow emission has been assigned to a large number of defect centers including zinc interstitial atoms (Zn i ), oxygen vacancy (Vo) and oxygen interstitial atoms (O i ) for a structured emission. [4, 27] As well known, the oxidation rate of the vaporized Zn atoms/ions is crucial to control the intrinsic defect during PLD process. In the mixture plasma, helium in 35 [3] 611-615 (2010) [32] When the oxygen pressure varies from 500 Pa to 1000 Pa, the enhanced three-body collision frequency involving oxygen atoms/ions and zinc atoms/ions gives rise to the synthesis of a better crystalline structure of ZnO. When the oxygen pressure is no more than 300 Pa, the crystalline structure of ZnO nano-particles becomes deteriorated and a large number of intrinsic defects are present not only in the surface but also in the inner regions of ZnO nano-particles even under the plasma circumstance, due to the extremely low three-body collision frequency. For contrasting the role of helium plasma on luminescence property of ZnO nano-particles, they were fabricated under pure oxygen plasma. The CL analysis of the samples shows that the visible light emission peak is dominant over the UV emission for an accelerating voltage of 1.5 keV, as shown in Fig. 6 . It is clearly seen that, in this case the ratios between the intensity of UV peak and green-yellow peak emitted by the ZnO nano-particles synthesized under helium and oxygen mixture plasma are larger than those measured for the samples fabricated under pure oxygen plasma. The CL results imply that there is a relatively higher oxidation rate of the Zn atoms/ions and a relatively stable ZnO formation under oxygen and helium mixture plasma. We can affirm that the presence of the helium in the plasma facilitates the oxidation reaction due to Penning ionization process. The photoluminescence spectrum of ZnO nano-particles is shown in Fig. 7 . There are a visible light emission peak and a UV peak in the PL spectrum. An enhancement of the UV peak intensity is observed when oxygen partial pressure increases from 300 Pa to 1000 Pa， while the intensity of visible light emission has not obvious change. These results indicate that the crystalline structure of ZnO nano-particles is corresponding to the increase of the oxygen partial pressure. The little difference between PL and CL spectra is attributed to the basic differences of excitation mechanisms. 
Conclusion
In this letter, the luminescence properties of ZnO nano-particles fabricated under oxygen and helium mixture plasma using pulsed Nd:YAG laser, are discussed. The structure analysis of ZnO nano-particles was determined by XRD and TEM. It is found that the size of the nano-particles with wurtzite structure is about 10-20 nm. The CL measurements showed that as the oxygen partial gas pressure increases, a good crystalline structure exists in the inner layer of nano-particles, and when oxygen partial pressure increases to 1000 Pa, a better crystalline structure is found in the inner layer of ZnO nano-particles. In addition, the intensity ratios between UV peak and green-yellow peak of ZnO nano-particles synthesized under helium and oxygen mixture plasma are increased, compared to those of the samples fabricated under pure oxygen plasma.
